Residual stress effects in MEMS wafer adhesive bonding were investigated. A waferlevel finite element (FE) modelling approach was used, which accounted for wafer configuration and allowed the deformation of individual devices across a wafer to be considered. A specific test was carried out to determine the adhesive's viscoelastic response, through an effective timedependent Young`s modulus, so that initial and longer-term post-curing responses could be estimated. These results are compared with predictions based on modulus values obtained from Dynamic Mechanical Analysis (DMA) testing. The predicted wafer deformations are compared with optical surface profile measurements of actual specimens. Initial response predictions using the effective modulus show excellent agreement with measurements, while the DMA modulus gives a significant underestimate. On the other hand, difficulty was found in modelling long-term relaxation, due to non-linear mechanisms such as polymer "ageing" which are harder to model.
Introduction
Reliable and precise packaging of devices is a major concern for the MEMS (Micro-Electro-Mechanical Systems) industry. Here, the term "packaging" refers to the components that support the central silicon components at the heart of the device, which can represent a significant proportion of the overall cost of a MEMS product. Packaging residual stress is key concern in terms of device reliability and performance [1] , not only affecting structural integrity but also causing structural deformations that can affect device operation. Moreover, wafer bow due to residual stresses can create lithography alignment problems in the manufacturing process and lead to difficulties for robotic wafer handling equipment [2] . These constraints will increase as wafer diameters increase (from ~100mm up to 300mm in the next generation) so that accurate methodologies to predict such effects are required.
Adhesive bonding is a widely used MEMS packaging technique. This paper considers an adhesive bonding process as used in the manufacture of a MEMS rate gyroscope based on a vibrating silicon ring [3, 4, 5] . Manufacture of the sensor is carried out using wafers containing typically 50-60 devices. The silicon wafer containing the rings is bonded to pyrex glass wafers, which enhance robustness and support magnet components used for drive and pickoff purposes. The adhesive bonding step considered here is used to attach the magnet pole-pieces (Nilo45) to a pyrex™ glass wafer, see Fig. 1 . The adhesive is an epoxy resin (Epotek™-360).
Very few investigations on the modelling of MEMS adhesive bonding have been found in the public domain, possibly due to concerns about commercial confidentiality. On the other hand, several papers have been published on residual stresses in flip-chip packaging for electronic devices [6, 7, 8] , in which a thicker layer of adhesive is used. These studies involved approaches to adhesive modelling requiring experimental characterization through viscoelastic experiments such as master curve creep tests. [9] proposed the use of a long-term effective modulus to model the long-term response of a viscoelastic material as a valid approach for the evaluation of stresses arising in adhesive bonding. To date, no work has been found on the modelling of residual stress effects of adhesive bonding taking account of the actual wafer configuration. In the present work a waferlevel FE modelling approach is used to study residual stress effects. The approach is valid under conditions where adhesive thickness is small and processing temperatures are relatively low. The latter condition occurs when the curing temperature is below the glass transition temperature of the adhesive, which is usually the case in MEMS processing. This work is part of a broader investigation [10] of MEMS residual stress effects at a wafer level, which employs an FE modelling approach for the study of all devices across a wafer and throughout the entire processing evolution.
The cured adhesive is a viscoelastic polymer, which displays creep and stress relaxation mechanisms. The response of a viscoelastic material subjected to a constant load generally contains three components [11] ; an instantaneous elastic response, a delayed creep strain and a viscous flow component. For solid polymers the viscous flow is negligible below the glass transition temperature and the linear creep can be written as the combination of the 'instantaneous elastic' and the anelastic or relaxed response [12] ,
Dynamic Mechanical Testing (DMA) testing allows the determination of the instantaneous modulus of elasticity (E o ), which gives useful qualitative information on the adhesive response at a range of temperatures. In order to determine the anelastic response, J(t), master curve creep tests are usually employed. However, as stated in many sources in the polymer literature, the stress-strain relationship is non-linear and the modulus at fixed temperature is not only function of time but also of the internal stress, ) ,
. Neither DMA testing nor Creep testing can be performed under the actual stress conditions, and indeed, these tests are performed on unstressed bulk adhesive samples. Stress relaxation tests carried out by [9] showed considerable differences between bulk unstressed samples and bonded samples, indicating that the modulus of a bulk adhesive can be 25% smaller.
To overcome this limitation, specific tests that account for the actual mechanical and thermal conditions are desirable. A specific test was carried out (see strip test, later) to determine both the instantaneous (or initial) and the transient adhesive modulus. The initial response is important, because this corresponds to the time when wafer handling and processing is carried out, during which wafer bows must be controlled. In the remainder of the paper, the FE modelling of the industrial bonding process is described and the predictions are compared with measurements.
Process Conditions and Mechanical Properties
The glass wafer (1.5mm thick, 100mm diameter) contains roughened areas (R a ~ 6µm) where the magnet pole-pieces are to be located, to retain adhesive and promote good adhesion. The blank wafer has low (< 5µm) warpage [13] . The roughened areas are loaded with epoxy resin (Epotek360) and the cylindrical pole pieces (6.3mm radius, 0.7mm height, R a ~ 1.6µm roughened contact surface) are then placed on the roughened areas. The adhesive has a nominal thickness of ~10µm. Figure 1 shows an assembled wafer specimen containing 56 pole pieces, some labeled. The assembly is then cured at 100 o C for 50 minutes. Upon cooling, significant thermal stress is induced due to the thermal mismatch between the glass and Nilo45 pole-pieces. Adhesive shrinkage also occurs but the effect on the assembly is negligible due to the small (~x10 -2 ) relative thickness and elastic modulus of the adhesive relative to the adjacent materials.
The mechanical properties of the adhesive had been examined through DMA tests performed on adhesive specimens that had been subjected to the actual curing conditions, (50 minutes at 100 o C), [14] . Results of a test carried out 30 minutes after curing completion are shown in Fig. 2 Another factor that affects the adhesive modulus is 'ageing' in which crystallization of a polymer continues to increase with time at room temperature. This leads to material stiffening, so tests carried out at longer times after curing completion give a modulus increase. This was illustrated by a DMA test carried out on the same Epotek360 sample but 19 hours after curing completion, which showed modulus increase from 0.9GPa to 1GPa.
Strip Test
In this work we carried out an especially designed test to investigate the mechanical properties of the adhesive under the actual mechanical conditions. A central strip of the wafer was cut, adhesive was applied and the pole pieces located see Fig. 3 (a). The assembly was then inserted into an oven at 100 o C for 50 minutes. Once the strip had cooled to ambient temperature, bow measurements along the length of the glass strip were made using a Zygo™ optical profiler. The first measurement was taken 10 minutes after curing completion and approximates the instantaneous (initial) response of the assembly to the thermal load on cooling. Further measurements were made over a period of 47 days, so that the initial and further transient responses were captured. An FE model of the strip was built and a static thermal loading analysis was carried out using Abaqus™, using 20-noded 3D elements. Since the adhesive instantaneous response upon curing completion is elastic, the adhesive can be modeled as perfectly elastic within a static analysis to predict the initial (nearly instantaneous) deformation response. As stated by [9] , transient mechanisms that are driven by a time-dependent Young's Modulus can be effectively modeled by an effective elastic modulus. This approach is applicable provided the adhesive is in the glassy state, so that the transient response is anelastic and plastic flow is negligible.
A thermal load of -80 o C was applied and the materials were treated as perfectly elastic using average values of material properties within the 20-100 o C range, as given in Table 1 . Following preliminary mesh convergence studies in terms of displacement results, the adhesive was modeled using a single element through the thickness.
The roughened surfaces of the glass and pole-pieces are intended to retain adhesive and control its thickness. However, they also introduce an important modelling uncertainty because, although the nominal adhesive thickness is ~10µm, the roughness values imply that it could be as thin as ~6-7µm. For this reason, two models were considered, with 7µm and 10µm adhesive thickness.
The initial profile measurement showed a bow of 101µm. Using the modulus obtained from DMA test (0.9GPa) as the instantaneous elastic modulus, the FE model predicted strip bows of In addition, an effective time evolution of the adhesive modulus for each of the assumed adhesive thicknesses can be estimated by using the FE model to determine the modulus values corresponding to the measured bow displacements over time. Hence, the modulus variation as a function of post-curing time was plotted, as shown in Fig. 4 . An important observation is that the initial or instantaneous modulus could be in the range 1.4GPa to 4GPa, corresponding to the 7µm and 10µm adhesive thicknesses respectively. Although the modelling uncertainty is large, the minimum predicted instantaneous modulus (1.4GPa) is about 55% larger than the DMA modulus (0.9GPa), which implies that the DMA test significantly underestimated the modulus. In an attempt to provide a simple estimate of the behavior over time intervals that are much longer than the experiment duration (47 days), an exponential decay was fitted to the data (see Fig. 4 ). The extrapolated effective modulus values after one year are ~0.053GPa and ~0.06GPa respectively for 10µm and 7µm adhesive thicknesses. The lack of effectiveness of this approach is discussed later.
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Complete Wafer Response
A specimen (glass wafer plus pole pieces) was available from the production flow in which the adhesive was partially cured. This was subjected to the normal curing schedule of 100 o C for 50 minutes. It was then cooled, reaching room temperature (20 o C) in 20 minutes, and the bow was measured (see Fig. 5(b) ) showing 81.9µm maximum bow. It is acknowledged that, strictly speaking, the measured bow was not the instantaneous response since some relaxation (2~3 µm) had already taken place during the 20-minute cooling period. However, it was not feasible to use the optical profiler to monitor the transient bow response while the specimen was cooling. FE modelling of complete wafer specimens (glass plus pole-pieces) was carried out using 20noded 3D elements. The model mesh, shown in Fig. 5(a) , contained 11292 elements (63073 nodes) in total. The thermal load and the material properties were as previously used. Displacement predictions were again correlated with optical profile measurements of the complete wafer (global distortions), Fig. 5(b) and, using a higher resolution, of individual device areas (local distortions).
Initial Response. The initial response was modeled using both the DMA test modulus value (0.9Gpa) and the effective instantaneous modulus of 4GPa determined from the strip test, using the nominal 10µm adhesive thickness. The top surface of the wafer (where the pole-pieces are located) is concave, as shown in Fig. 5(b) . The effective modulus gives predicted maximum bow displacements of 84.6µm and the DMA modulus 69.7µm.
The DMA-predicted modulus causes underestimates of the measured deformation of 15-17%, while the effective modulus gives an excellent correlation within ~3% error. If we account for the adhesive thickness uncertainty using the minimum value of 1.4GPa with 7µm adhesive thicknesses, the predicted wafer bow is 10% lower than the measured value. These results show that that using the DMA test modulus, the bow predictions are underestimated, while the effective modulus provides more accurate predictions, noting that there is still uncertainty in these, due to uncertainty about the adhesive thickness and the influence of surface roughness.
Long Term Response. The wafer bows of three specimens (denoted A, B, C) from the production flow were measured about one year after being produced, specimen A being remeasured after ~two years. (Initial bow measurements were not available). The measured bows are shown in Table 2 . It is noticeable that there is a large variation between the bows of the1-year-old specimens. 
Applied Mechanics and Materials Vols. 5-6
Using the 1-year effective long-term modulus (E ~ 0.05GPa) that was obtained by fitting the exponential curve to the (10µm thick) values measured over 47 days (see Fig. 4 ), the model predicts wafer bows of ~20µm, using the nominal adhesive thickness. In contrast, measurements taken 1 year after curing indicated much larger bow values. This implies that the adhesive is significantly stiffer at long times than predicted. This may be explained partly by adhesive stiffening due to the "ageing" effect, and also by deficiencies in the simple exponential function used in the curve fitting. Hence, it becomes manifest that transient mechanisms are driven by factors difficult to both capture and simulate, and for analogous reasons, experimental adhesive characterization through DMA master curves may be ineffective. A second measurement carried out on specimen A after 2 years.
Local distortions were measured on several long-term specimens. A consistent pattern of distortion was seen across the wafers. Centrally positioned devices resented a uniform spherical bow while devices at the outer edge of the wafer presented a slight deflection of the outer corner. The distortions of a central device (G28) and an outer device (G8) (see Fig. 1 ) are shown in Fig. 6 .
In order to check the ability of the model to predict local distortions the model was fed with a Young's Modulus of 0.2GPa, which is the value needed to give a global wafer bow that reasonably matches the measurements of specimen A. The model predicted the actual pattern of distortion across the wafer as shown in Fig. 6 . It is important to highlight that such a pattern of distortions can 
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Conclusions
The current wafer level modelling approach has been employed to predict deformations due to residual stresses. This approach can be used to study residual stress effects that arise during MEMS fabrication, taking into account the wafer level configuration, and so allowing individual devices across a wafer to be monitored. It has been demonstrated that adhesive modulus is a critical modelling parameter that requires accurate characterization. In this regard it is noted that • DMA testing, which is carried out on bulk unstressed samples, may not be appropriate since it significantly underestimates the instantaneous modulus of elasticity. By contrast, specially designed tests that capture the actual stressed state, can provide more accurate results.
• Significant difficulty has been found to model the long-term relaxation as factors as the "ageing" effect and other non-linear mechanisms occur.
